Abstract. Gas-phase amidation of carboxylic acids in multiply-charged peptides is demonstrated via ion/ion reactions with Woodward's reagent K (wrk) in both positive and negative mode. Woodward's reagent K, N-ethyl-3-phenylisoxazolium-3′-sulfonate, is a commonly used reagent that activates carboxylates to form amide bonds with amines in solution. Here, we demonstrate that the analogous gas-phase chemistry occurs upon reaction of the wrk ions and doubly protonated (or doubly deprotonated) peptide ions containing the carboxylic acid functionality. The reaction involves the formation of the enol ester intermediate in the electrostatic complex. Upon collisional activation, the ethyl amine on the reagent is transferred to the activated carbonyl carbon on the peptide, resulting in the formation of an ethyl amide (addition of 27 Da to the peptide) with loss of a neutral ketene derivative. Further collision-induced dissociation (CID) of the products and comparison with solution-phase amidation product confirms the structure of the ethyl amide.
Introduction

P
eptide sequencing for the identification and structural characterization of proteins is a key application of tandem mass spectrometry in biological research. It is widely appreciated that the nature of an ion plays a key role in determining its fragmentation pattern and, consequently, the structural information that it can provide [1] . In an effort to influence fragmentation behavior or to facilitate spectral interpretation, many chemical derivatization strategies have been developed for the manipulation of proteins and peptides in the solution-phase [2] [3] [4] . For example, solution-phase guanidination converts lysine residues to more basic homoarginine residues, which affects the proton mobility and, thus, enhances the aspartic acid effect [5] . In contrast, ornithination of arginine residues via deguanidination with hydrazine can promote preferential cleavages C-terminal to the ornithine site [6] . These modifications as well as others [7, 8] alter the fragmentation pathways of peptides, leading to sequence information that is complementary to that of the unmodified ions.
Gas-phase ion/ion reactions have been developed to modify analyte ions for structural characterization in tandem mass spectrometry. Although most condensed-phase derivatization reactions are performed in an off-line fashion, gas-phase ion/ ion reactions provide a means to manipulate ion type within the mass spectrometer, allowing rapid examination of the reaction products and facile comparison with the unmodified analytes. For example, proton transfer [9] , electron transfer [10, 11] , and metal ion transfer [12] reactions have been used to decouple the ion type from the ionization method, expanding the range of ion types that can be investigated by MS n . Aside from these charged particle transfer reactions, a number of approaches to covalently modify ions via a long-lived complex in the gas-phase have been developed, aiming at selectively manipulating ion types at specific functionalities. For example, N-hydroxysuccinimide (NHS) and sulfo-NHS ester-based reagents have been used to covalently modify primary amines (N-terminus lysine side chain) [13] and guanidines [14, 15] on arginine side chains by forming amide bonds via ion/ion reactions. Similarly, the formation of imine bonds (i.e., Schiff base formation) with primary amines using 4-formyl-1,3-benzenedisulfonic acid (FBDSA) dianions has been demonstrate [16, 17] . Recently, selective oxidation of the methionine side chain was demonstrated via ion/ion reactions with periodate anions [18] . Carboxylate functionalities have been found to be reactive toward the N-hydroxysuccinimide ester of 4-trimethylammonium butyrate (TMAB-NHS) reagent as well [19] .These specific covalent modifications of peptides and proteins via ion/ion reactions have been used to tag peptides and proteins with chromophores [20] , cross-link peptides and proteins [21, 22] , and increase sequence information upon collisional activation [23] . In addition, some reaction products observed in these gas-phase reactions are not typically observed in solution [14, 19] , providing exclusive access to novel fragmentation patterns.
The gas-phase modification of carboxylic acid functionalities via ion/ion reactions with the carbodiimide reagents [N-cyclohexyl-N′-(2-morpholinoethyl) carbodiimide (CMC) and [3-(3-ethylcarbodiimide-1-yl)propyl] trimethylaminium (ECPT)] resulting in the formation of amide bonds has recently been reported [24] . In the electrostatic complexes formed with the cationic carbodiimide reagents and doubly deprotonated analytes, the carboxylic acid adds to one of the carbodiimide double bonds, forming an o-acylisourea ester, followed by amide bond formation between the analyte carboxylic acid group and the carbodiimide nitrogen atom upon collision-induced dissociation (CID). A limitation associated with these reagents is that they contain fixed-charged cationic groups, which restricts their use to polypeptide anions. The carboxylic acid groups of peptide anions are often deprotonated and carboxylates are unreactive with CMC. Furthermore, CID of polypeptide anions often yields less informative product ion spectra than the corresponding cations. It is therefore desirable to develop anionic reagents that can react with carboxylic acid groups in polypeptide cations. Here, we demonstrate the use of N-ethyl-3-phenylisoxazolium-3′-sulfonate, commonly referred to as Woodward's reagent K (wrk), as another ion/ion reagent with specificity toward carboxylic functionalities. Both cationic and anionic versions of the reagent can be generated, which significantly expands the utility of carboxylic acid amidation of polypeptides in the gas phase. This reaction could be used to selectively probe the C-terminus and acidic side chains in peptides, as is demonstrated here with tryptic peptides. Additionally, the ease of altering the ethyl group on wrk to other groups provides a platform for the design of a variety of gas-phase amidation reagents.
Experimental
Materials
Methanol, ammonium hydroxide, and glacial acetic acid were purchased from Mallinckrodt (Phillipsburg, NJ, USA). The peptides ARAAARA, AKAAARA, AKAAAKA, AHAR AHARA, ARAMAKA, HGAGGHGAGGHL, AAEAAEAA, and AADAADAA were custom-synthesized by NeoBioLab (Cambridge, MA, USA). The peptides ARACAKA, and ARAWAKA were synthesized by Pepnome Ltd. (Shenzhen, China). The peptides GRGDSPR, LKRApYLG, and LKRApYGL-NH 2 were custom-synthesized by AnaSpec Inc. (San Jose, CA, USA). The peptide GLSDGEWQQVLNVWGK was purchased from SynPep (Dublin, CA, USA). Woodward's reagent K, angiotensin II (sequence: DRVYIHPF), ubiquitin from bovine erythrocytes, α-casein from bovine milk, TPCKtreated trypsin from bovine pancreas, peptide RPKPQQFFG, acetyl chloride, and ethylamine were obtained from Sigma-Aldrich (St. Louis, MO, USA). The reagent 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) was purchased from Thermo Fisher Scientific (Rockford, IL, USA). All materials were used without further purification. All peptide solutions for positive electrospray were prepared in 49.5/49.5/1 (v/v/v) methanol/water/acetic acid (~10 μM), and all peptide solutions for negative electrospray were prepared in 49.5/49.5/1 (v/v/v) methanol/water/ammonium hydroxide (~10 μM). The wrk reagent was dissolved in water (~2 mM), and a new solution was made before each experiment.
Peptide C-Terminal Methyl Esterification
Peptide methyl esterification was performed according to a previously described procedure [25] . A solution of 2 M HCl in methanol was prepared by adding 40 μL acetyl chloride dropwise to 250 μL of chilled, dry methanol. Approximately 1 mg of solid peptide was dissolved in 100 μL of the prepared solution. The reaction was allowed to proceed for 2 h at room temperature and then the samples were lyophilized and reconstituted in 1 mL of water.
Peptide C-terminal Amidation
C-terminal ethyl amidation was performed by first dissolving approximately 1 mg of solid peptide in 500 μL of water. The Cterminal carboxylic acid group was activated using an equimolar amount of EDC. To this, 5 μL of 100 nM ethyl amine solution was added, which resulted in the formation of an amide bond between the carboxyl group and the ethyl amine. The reaction mixture was then lyophilized and reconstituted in 1 mL of water.
Tryptic Digest
The procedure for the tryptic digestion of ubiquitin has been described previously [25] . Separation of the tryptic peptides was performed using a reverse-phase HPLC (Agilent 1100, Palo Alto, CA, USA) equipped with an Aquapore RP-300 (7 μm pore size, 100 mm×4.6 mm i.d.) column (PerkinElmer, Wellesley, MA, USA) operated at 1 mL/min. The gradient for the HPLC separation has been described [25] . Following separation, collected fractions were lyophilized and reconstituted in 500 μL of water.
Mass Spectrometry
All experiments were performed using a prototype version of a triple quadrupole/linear ion trap mass spectrometer [26] (QTRAP; AB Sciex, Concord, ON, Canada), previously modified for ion/ion reactions [27] . Alternately pulsed nanoelectrospray (nESI) allows for sequential injections of the analyte and reagent ions into the q2 reaction cell. The reagents and doubly protonated peptide cations (or doubly deprotonated peptide anions) were sequentially isolated in the Q1-mass filter prior to their injection into the q2 reaction cell. After a defined mutual storage reaction time of 100-1000 ms, the product ions were then transferred to Q3 where the electrostatic complexes were mass-selected. Resonant excitation was used to first activate the complexes to induce covalent modifications and later to dissociate the modified peptides in Q3. The product ions were then mass analyzed by mass-selective axial ejection [28] .
Results and Discussion
Reactivity with Carboxylic Acids
Woodward's reagent K [29, 30] and some other isoxazolium salts constitute a class of commonly used reagents that activate carboxylates to form amide bonds with amines in solution. These reagents have been used to modify carboxylic acid groups in the active centers of enzymes [31] [32] [33] and to determine of the total carboxylate content in proteins [34] . The reaction mechanism includes the irreversible conversion of the reagent to a reactive keto-ketenimine by proton abstraction from the 3 position of the isoxazole. This intermediate then reacts with a carboxylic acid to create an enol ester, which is highly susceptible to nucleophilic attack. The condensed-phase reaction with an amine proceeds to amide bond formation with loss of the inactive diketo derivative [2] . However, in the gas phase, the absence of local nucleophilic groups allows the enol ester intermediate to rearrange to an imide (Scheme 1), which gives rise to a characteristic loss of a neutral ketene derivative from one side of the imide upon collisional activation. - (Figure 1a) , which is believed to be in the form of the reactive keto-ketenimine 2, based on its mass (m/z 252). The spectrum produced via the ion/ion reaction between [ARAAARA+2H] 2+ and [wrk-H] -is shown in Figure 1a , in which the long-lived electrostatic complex 3,
, is observed. Subsequent CID of the complex (Figure 1b) gives rise to three dissociation pathways. The first pathway leads to proton transfer from the peptide to the reagent, resulting in loss of the neutral wrk reagent, as reflected by [M+H] + signal. The second and third pathways are shown in Scheme 1, wherein an addition reaction first takes place between the reactive keto-ketenimine and the carboxylic acid group within the electrostatic complex 3, resulting in the formation of intermediate 4. After several tautomerizations and six-member ring rearrangements, an imide 6 is formed. In previous studies, 6, N-acyl-N-ethylbenzoylacetamide has been proposed as a side product in the solution-phase activation of acetic acid with wrk [31] . In the solution phase with the presence of a primary amine, the reaction proceeds to form an amide bond with the loss of the inactive diketo derivative (same as 9). However, in the gas phase when a local primary amine group is absent, the rearrangement to form 6 dominates. Upon CID, either one of the amide bonds of the imide 6 can be cleaved. The second pathway involves the cleavage at the 2+ , where the sodium is thought to be associated with the C-terminal carboxyl group [35] . These results suggest that wrk is selective for free, neutral carboxylic acid groups.
Further isolation and CID was performed to investigate the structure of the amidated product noted in Figure 1b . As can be seen in Figure 2a , CID of the [M+27+H] + ion arising from the gas-phase reaction gives a series of b-and y+27 ions, suggesting the 27 addition is located at the C-terminus. These sequence fragments are also present in the CID spectrum of the electrostatic complex, as shown in Figure 1 + generated via the gas-phase reaction. These spectra are essentially identical, supporting the conclusion that the gas-phase C-terminal amidation reaction is occurring upon ion/ ion reaction with wrk. This process was also observed with several other model peptides, including ARAAAKA and AKAAAKA (Supplemental Figure 2) . The same chemistry works for more highly protonated peptides as well. Supplemental Figure 3 demonstrates . In order to explore the reactivity of side-chain carboxylic acids as well as the C-terminus, angiotensin II (DRVYIHPF) was used as Asp containing a model peptide. As shown in Figure 3, + ion (Figure 3c ) produces b-and y-ions, together with y-and b-ions that contain an addition of 27 Da, suggesting the amidation occurs on both the C-terminus and the aspartic acid side chain. In this case, the covalent modification can alter fragmentation pathways to yield more information about the peptides. This is demonstrated in the comparison between Figures 2c and 3d , which shows the CID spectrum of [DRVYIHPF+H] + generated via positive nESI. The y 7 ion arising from the aspartic acid effect [36] is dominant in Figure 3d , whereas in Figure 3c higher sequence coverage is observed on the amidated species. For the side-chain amidated isomer, the abundance of the y 7 ω is relatively at the same scale as other fragments originating from this isomer, whereas for the + from solution phase modification. Lightning bolt denotes ions subjected to collisional activation. Asterisks (*) denote ammonia losses whereas triangles (Δ) denote impurities that can be seen in isolation C-terminal amidated isomer, again the y 7 +27 arising from the aspartic effect is far more abundant (Figure 3c ). The amidation suppresses the aspartic acid effect, probably because the amidated aspartic side chain is less capable of initiating a nucleophilic attack at the amide bond C-terminal to the aspartic acid residue.
Specificity for Carboxylic Acids
Although wrk has been used successfully for solution-phase conjugation applications with proteins and other molecules to form amide linkages, its specificity has been called into question [37, 38] . The relevant studies observed that wrk also reacted with cysteine and histidine residues in E. coli L-threonine dehydrogenase and phosphoenolpyruvate carboxykinase. To address this possible concern, we tested the reactivity of wrk with other side-chain functionalities. The peptides ARAC AKA, AHARAHARA, HGAGGHGAGGHL, and their methyl esters were used to test the reactivity of cysteine and histidine residues, for example. Ion/ion reactions between the doubly protonated peptides and [wrk -H] -were performed, and the generated complexes were activated. Activation of the [ARAC AKA+wrk+H] + species produces the [M+27+H] + peak (Figure 4a ), which is absent in the CID spectrum of [ARAC AKA-OMe+wrk+H] + (Figure 4b) , where the C-terminus has been protected. This suggests that in the gas phase, cysteine does not react with wrk. Similarly, histidine residues do not show reactivity with wrk (Figure 4c and d) . A number of other model peptides were used to examine the reactivity of other amino acid residues, including ARAMAKA, ARAWAKA, GRGDSPR, RPKPQQFFG, etc. As before, only the carboxylic acid functionalities on these peptides show reactivity with wrk. Additionally, reactions have been performed with the phosphorylated peptides LKRApYLG and C-terminal protected LKRApYGL-CONH 2 and show that the phosphorylation does not affect the wrk reactivity with the C-terminus (Supplemental Figure 4) . These results suggest that wrk reacts selectively with carboxylic acids.
Application to Tryptic Peptides
Ion/ion reactions with wrk and tryptic peptides were performed to evaluate the amidation reaction in a common peptide sequencing scenario. A tryptic digestion was carried out on bovine ubiquitin, yielding the peptides LIFAGK, TLSD YNIQK, ESTLHLVLR, EGIPPDQQR, and TITL EVEPSDTIENVK. The doubly protonated peptides were reacted with [wrk-H] -. In each case, the ion/ion reactions generated [M+27+H] + ions upon collisional activation of the ion/ion complex. In each case, the CID spectrum of the [M+27+H] + ion is compared with the corresponding CID spectrum of the [M+H] + ion (see below). Of particular interest here is the possible influence of the basic side chain of the C-terminal residue on the reactivity of the C-terminus toward wrk. The C-terminal side chain is expected to be protonated in most doubly protonated tryptic peptides. The presence of the proximal charge might be expected to alter the reactivity of the carboxylic acid of the Cterminus, particularly if attachment of the sulfonate group places the reactive portion of the reagent close to the C- . Lightning bolt denotes ions subjected to collisional activation. Asterisks (*) denote ammonia losses whereas circles (°) denote water losses. The red labels with a solid diamond represent fragments corresponding to a modification on an aspartic acid side chain terminal carboxylic acid. CID spectra of the modified and unmodified singly protonated versions of the two tryptic peptides containing a C-terminal arginine, EGIPPDQQR and ESTLHLVLR, are shown in Figure 5 . For both the modified and unmodified forms of EGIPPDQQR, the spectra are dominated by a water loss fragment and y-ions generated directly C-terminal to the glutamic acid and aspartic acid residues (i.e., y 8 -and y 3 -ions, respectively). In the case of the modified peptide, essentially all of the y-ions are modified (i.e., they are observed as y 8 +27 and y 3 +27). The lack of unmodified y-ions in the case of the modified peptide suggests that the modification predominantly occurs at the C-terminus with little modification at either of the acidic side chains. No bions are observed, presumably because of the presence of the arginine residue at the C-terminus. For ESTLHLVLR, b-ions are observed if they contain the histidine residue. No b-ions generated from the modified peptide are observed to be modified. Additionally, all y-ions derived from the modified peptide are observed as y+27 species. Though there is a glutamic acid residue in the sequence, these data indicate that the Cterminus preferentially reacts with wrk in this case as well, possibly because of the localization of the reagent near to the C-terminus. This differs from the DRVYIHPF case, as noted in the discussion of Figure 3c , which shows mixtures of modified . Lightning bolt denotes ions subjected to collisional activation. Asterisks (*) denote ammonia losses whereas circles (°) denote water losses and unmodified b-and y-ions. In the case of DRVYIHPF, the arginine residue is adjacent to the N-terminal aspartic acid residue, and the spectrum clearly shows that there is a mixture of the two possible modification sites.
Examples of ion/ion reactions with peptides containing a Cterminal lysine are shown in Figure 6 . For TLSDYNIQK, both b+27 and y+27 ions are observed in the CID spectrum of [M+27+H] + as well as b-and y-ions, which is consistent with a mixture of modification sites. The modified ion population is less dominated by the aspartic acid cleavage leading to the y 5 -ion noted with the unmodified species, which might reflect the inhibition of this channel for the ions modified on the aspartic acid residue. A similar effect on the dominant aspartic acid cleavage was also noted with modification of angiotensin (DRVYIHPF, Figure 3) , which showed some amidation of the aspartic acid residue. Data for the modified and unmodified TITLEVEPSDTIENVK ions (Figure 6c and d) suggest that the modification takes place mostly at the C-terminus, but there are also mixtures of modified and unmodified y-and b-ions that indicate contributions from ions modified at different sites. The lysine-terminated tryptic peptides certainly show significant reactivity at the C-terminus but they appear to be less strongly directed to the C-terminus than the arginineterminated peptides, based on this admittedly small data set. An additional example showing the differences between tryptic peptides that contain C-terminal lysine or arginine is show in Supplemental Figure 5 using EPMIGVNEQLAYFYPELFR from bovine α-casein, and GLSDGEWQQVLNVWGK from horse myoglobin.
A much larger data set of tryptic peptides is needed in order to draw firm conclusions regarding the effect of gas-phase . Lightning bolt indicates ions subjected to collisional activation. Circles (°) denote water losses, whereas triangles (Δ) denote peaks originated from impurities that can be seen in isolation) amidation on tandem MS results. However, for these tryptic peptide ions, amidation appears to have relatively little effect on fragmentation with the notable exception of inhibiting the well-known cleavage C-terminal to aspartic acid residues when the relevant aspartic acid side chain is amidated. Otherwise, ethyl amidation has little effect on proton mobility and does not appear to open any new highly favorable channels. The observed mass shifts associated with the modification can provide information regarding the sites of acidic residues and, when modification is at the C-terminus, can be used to differentiate b-and y-ions.
Woodward's Reagent K Cations and Doubly Deprotonated Analytes
The reagent species examined here can be generated as the protonated molecule, [wrk+H] + (m/z 254), via positive nESI. This reagent cation is found to react with carboxylic acid groups present in analyte dianions in a similar fashion as the wrk anion. This is illustrated using the ion/ion reaction between wrk cations and the doubly deprotonated form of AAEAAEAA that contains one neutral carboxylic acid group, as shown in Figure 7 . The complex is presumed to be stabilized by the interaction between the sulfonic acid group, -SO 3 H, on the reagent and a carboxylate group on the peptide anion. In Figure 7b -gives rise to a series of both modified and unmodified b-ions, indicating the amidation reaction occurs at one of the glutamic side chains or the C-terminus. Similar reactivity can be observed on doubly deprotonated AADAADAA as well (Supplemental Figure 6 ).
Conclusions
We demonstrate that wrk reagent ions are able to modify carboxylic acid sites of doubly protonated (wrk anion) or doubly deprotonated (wrk cation) peptides in the gas phase. The sulfonate or sulfonic acid group anchors the reagent to a protonated or deprotonated site, respectively, on the reaction partner, stabilizing a long-lived complex. Covalent chemistry involving the carboxylic acid functionality can proceed via a mechanism proposed in Scheme 1, and the formation of an ethyl amide is indicated by the signature addition of 27 Da to the analyte ion. Comparison of the CID spectra of modified peptides generated in the gas phase and in solution indicates that the two pathways (i.e., gas phase and solution phase) form essentially the same products. In the absence of a carboxylic acid reactive site (i.e., the carboxylic acid is converted to a methyl ester, or to a sodium salt), the covalent chemistry cannot proceed and no ethyl amide is observed. Other amino acid side chains such as cysteine, histidine, methionine, tryptophan, etc. are found to be unreactive with wrk in the gas phase. This gasphase amidation using the wrk anion, in particular, is of interest in that it affords means for the selective covalent modification of carboxylic acid groups in polypeptide cations as illustrated here by application to tryptic peptide cations derived from bovine ubiquitin.
